Many efforts have been directed towards the development of environmentally friendly and reusable alternatives in recent years by using solid acids and heteropoly acids [5] [6] [7] . Different catalysts tested so far include H3PO4/ZSM-5 [4] , sulfated zirconia [8, 9] , WO3/ZrO2 [10] , sulfated titania [11] , SO4 2-/TiO2 doped with CeO2 [12] , sulfonated ion exchange resins (polystyrenesulfonic acid) [13] perfluorinated rare earth metal salts [14, 15] , lithium, molybdenum, ytterbium on silica gel [16] , H5PMo10V2O40 [17] , and H3PW12O40/SiO2 [18] . Among acidic zeolite catalysts such as Hmordenite, H-beta, H-ZSM-5 and H-Y, zeolite Hbeta has shown higher conversion and remarkable selectivity for para-isomer in vapor phase nitration of toluene. Choudary et al. carried out the nitration of toluene in liquid phase employing nitric acid of 60-90% concentration over solid acid catalyst and by means of azeotropic removal of water [19] . Akolekar et al. reported on the high pressure nitration of toluene using NO2 and zeolite catalysts [20] . These catalysts effectively play the role of sulfuric acid in the reaction, assisting the formation of nitronium species. Despite this, a high concentration of nitric acid as nitrating agent is still required and the need to be carried out at high temperatures for long times [14] [15] [16] , for aromatics nitration whether liquid acid or solid acid as catalysts.
The incorporation of super acidity in solid acids has attracted considerable attention. The surface of zirconium oxide is known to possess catalytic activities in oxidation, reduction and acid base catalysed reactions. Zirconia when modified with anions such as sulfate ions forms a highly acidic or super acidic catalyst to catalyse many reactions like hydrocarbon isomerisation, methanol conversion to hydrocarbons, alkylation, acylation, esterification, etherification, condensation, nitration, cyclization, etc. [21] . The prominent role of ceria has been recognized in three-way catalysis, catalytic wet oxidation, water-gas-shift reaction, oxidation/combustion catalysis and solid oxide fuel cells. Incorporation of CeO2 into ZrO2 increases the acidity, which is evidenced by low Ho max values. Ceria-zirconia mixed oxides show good thermal resistance as well as enhanced redox properties [22] . Thus sulfated zirconia and modified sulfated zirconia forms an important class of catalysts. In our efforts to develop a new, efficient and ecofriendly process for electrophilic aromatic nitration, we have prepared an eco-friendly solid acid catalyst of zirconia. Here we present the results of the nitration of toluene, using zironia (Zr), zirconia-ceria (ZrCe), sulfated zirconia (SZr) and sulfated zirconia-ceria (SZrCe). The goal of the study was to investigate the difference between the effect of modified and unmodified zirconia on the nitration of toluene as well as the investigation of the role of sulfuric acid in improving the acidity of zirconia.
Materials and methods

Catalyst preparation
Hydrous zirconium oxide was prepared by the hydrolysis of zirconyl nitrate hydrate (Merck). Zirconyl nitrate hydrate was dissolved in doubly distilled water and 1:1 aqueous ammonia was added drop-wise with vigorous stirring until the pH of the solution reached 8 [5] . 2 wt% of ceria doped zirconia with nominal composition (Zr0.98Ce0.02)O2 was prepared by co-precipitation method from zirconyl nitrate hydrate (ZrO(NO3).xH2O) and cerium (III) nitrate hexahydrate (Merck) by adding 1:1 ammonium hydroxide until pH reaches 9 under gentle heating and continuous stirring. The solution was heated for about 15 minutes and allowed to stand overnight. The mother liquor was decanted and the precipitate was washed till it was free of nitrate ions. The precipitates were filtered and dried overnight at 383 K for 16 h. The hydroxide obtained was sieved to get particles of 75-100 microns mesh size and calcined at 823 K for 5 h to get zirconia (Zr) and zirconia ceria (ZrCe) catalysts. Hydrous zirconium oxide and hydrous zirconia ceria were immersed in 1:1 H2SO4 solution (2 mL/g) and stirred for 4 h. Excess water was evaporated and the resulting sample was ovendried at 383 K for 16 h and calcined at 823 K for 5 h to get sulfated ceria (SZr) and sulfated zirconiaceria (SZrCe) catalyst.
Catalyst characterization
Powder X-ray diffraction patterns of the solids were recorded on-PANalytical X-pert pro fitted with a secondary graphite monochromator with Cu K alpha radiation 2 deg 2 theta/min (λ = 0.154 nm) at 30 KV and 15 Ma. EDAX and SEM analysis were done by Quanta ESCM, FEI instrument. The BET surface area and pore volume of the catalyst were measured in a Micromeritics Gemini surface area analyzer using nitrogen as an adsorbate at liquid nitrogen temperature. Prior to the measurement, the samples were treated in a nitrogen atmosphere at 473 K for half an hour. Fourier Transform Infra Red (FTIR) spectra of the samples were recorded in a Bruker alpha-T instrument using KBr pellet method. TG analysis of the samples was achieved in a DSCThermogravimetric Analyser Standard (SDT Q600, V20.9 and Build 20) instrument in nitrogen atmosphere at a heating rate of 10 °C/min.
Catalytic Activity
Catalytic activity of the prepared catalysts towards nitration of toluene was carried out in a 50 mL R.B flask fitted with a spiral condenser. The reactant (toluene and aqueous nitric acid) in desired volume ratio along with 0.1 g of the catalyst was magnetically stirred for a required period at a desired temperature. The samples were analyzed using capillary column in a Perkin Elmer Gas Chromatograph using a flame ionization detector. Prior to injection in GC, the unreacted nitric acid was neutralized using aqueous Na2CO3 to a pH 6-7. The product analysis was achieved by comparison with authentic samples.
Results and Discussion
Catalyst surface study
X-ray Diffraction (XRD) analysis
The X-ray powder diffraction patterns of zirconia and sulfate modified zirconia samples calcined at 823 K are presented in Figure 1 . Zirconia sample exhibit relatively poor crystallinity with the presence of a mixture of monoclinic and tetragonal phases from the diffraction peaks (24.5°, 28.71°, 31.76°, 35°). The XRD results clearly reveal that the sulfate modified zirconia exhibits smaller crystallite size and has only tetragonal phase (JCPDS 17-0923). It is an established fact in the literature that ZrO2-tetragonal phase is more active in catalysis [23] . The intensity observed for SZr is more than that of Zr. Generally, incorporation of various promoter atoms such as lanthanum, cerium and yttrium into the zirconia lattice stabilizes the tetragonal phase [24] . The present results are thus in line with earlier observations. Zirconia normally exists in the monoclinic, tetragonal and cubic structures. In pure zirconia, monoclinic phase in the absence of any impurities is stable up to 1373 K and transforms into tetragonal phase as the temperature increases to 1473 K. On cooling, the high temperature tetragonal phase transforms back to the monoclinic phase with a large hysteresis.
Recently Yu et al. studied the effect of calcination temperature on nano sulfated zirconia prepared by hydrothermal method and reported the same observation that sulfate modification stabilizes the tetragonal phase of zirconia [25] . The intensity of SZrCe is lower than ZrCe; the tetragonal phase is dominating over the monoclinic phase when ceria is incorporated into the hydrous zirconia structure. This could be due to incorporation of promoter cations into the structure of zirconia, forming solid solutions, which substantially decrease the specific surface free energy of zirconia and favour the tetragonal phase, which has a lower surface free energy than the monoclinic form [26] . Further, no reflections corresponding to crystalline CeO2 was observed, indicating a strong interaction of the dispersed ceria with the zirconia and is well dispersed on the surface of zirconia. The average crystallite size of the samples calculated using the Scherrer's equation [27] is given in Table 2 . The crystallite size was considerably reduced by the incorporation of sulfate ion in zirconia. Addition of ceria improves the dispersion of the particles thereby resulting in a higher surface area and lower crystallite size.
Energy Dispersive X ray analysis (EDAX)
The sulfate contents of different samples as obtained from the EDX analysis is presented in Table 1 . The sulfate content of the metal incorporated zirconia was higher when compared to sulfated zirconia. This point leads to the stabilization of the surface sulfate species by the incorporated metal ion. The metal content of both ceria and zirconia systems clearly indicates that the expected catalyst profile can be successfully achieved by the present preparation method. From the EDX results, it is evident that in all the samples, the amount of metal is very close to the 
Scanning Electron Microscopy (SEM) analysis
To understand the surface topography and to assess the surface dispersion of sulfate ions over the zirconia support, SEM investigations on the prepared catalysts were done as shown in Figure 2 . The ZrO2 composite particles are of irregular shape and size with good dispersion of the component oxides. The pictures reveal some crystallinity with less porosity for Zr. There are certain cracks on the surface, which may be attributed to the loss of water molecules during calcination. As can be noted from the micrograph of the SZr sample, the sulfate ions strongly interacted with the zirconia and equally spread on the surface of the support generating porosity.
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BET surface area and pore volume measurements
The results of surface area and pore volume measurements are given in Table 2 . The retention of surface area by the sulfated zirconia samples can be explained on the basis of the higher resistance to sintering acquired by doping with sulfate ions [28] . Suppression of particle growth is evident from the enhanced surface area of modified zirconia in comparison with unmodified zirconia. Addition of ceria species causes a further setback to the crystallization and sintering process, which is evident from the higher surface area of the samples in comparison with the pure zirconia. In SZrCe the metal oxide species along with the sulfate ions prevent the agglomeration of zirconia particles resulting in a higher surface area.
Thermogravimetric analysis (TGA)
The stability of the samples was examined by thermogravimetric analysis. TG curves of different catalysts prepared are given in Figure 3 . TG pattern of zirconia indicated dehydration occurring continuously over the entire temperature range. Sulfate modified samples shows two weight losses. The sulfated samples showed an initial weight loss at 293-573 K and 873-1173 K, which are assigned to the removal of surface adsorbed water of hydration and decomposition of sulfate, respectively. The onset of sulfate decomposition was observed around 723 K for simple sulfated systems. Sulfate decomposition was found to occur at around 923 K for the ceria doped sulfated samples. The weight loss in the temperature range 573 -773 K is associated with the tetragonal phase ZrO2. It is reported that, for mixed oxides of zirconia, the transformation of tetragonal phase to a monoclinic phase is observed at higher temperatures [29] . As the metal oxides are calcined at 823 K, they are stable until 1173 K. 
Catalyst O %wt S % wt Ce %wt Zr %wt
Infra red spectroscopy analysis (FTIR)
FTIR absorption spectra of different samples calcined at 823K are shown in Figure 4 . IR spectra of zirconia samples essentially show the various stretching frequencies at 500 cm -1 , 572 cm -1 , 740 cm -1 , 1104 cm -1 and 1187 cm -1 respectively as reported earlier [30] . The features particularly at 740 cm -1 and 500 cm -1 are due to Zr-O2-Zr asymmetric and Zr-O stretching modes respectively; confirm the formation of ZrO2 phases [31] . Hao et al. also reported the same observation over zirconia catalysts [32] . In sulfated samples some common peaks are seen. The peaks near 1029, 1076 and 1222 cm -1 are typical of the S-O mode of vibration of a chelating bidentate sulfate ion co-ordinated to a metal cation [33] . The band around 1342 cm -1 arises from the highly covalent character of the S=O on a highly dehydrated oxide surface [34] . According to Morterra et al. the peaks in this region correspond to isolated surface sulfates whereas generation of polynuclear sulfates at high sulfate loadings shifts the peak to around 1400 cm -1 [35] . The absence of peaks around 1400 cm -1 suggests the absence of polynuclear species in all the samples. The 1390 cm -1 band representing the asymmetric stretching frequency of S=O double bond is often regarded as characteristic band of SO4 2-promoted super acids.
The bands around 1626 cm -1 and 3400 cm -1 corresponds to the bending and stretching modes of the -OH groups of water molecules present in the sample. The existence of these bands even after calcination at 873 K points to the presence of
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Brönsted acidity in the samples even after high temperature calcination. The presence of Brönsted sites in spite of the high calcination temperature employed is consistent with earlier reports [35, 36] . For sulfated and metal promoted samples, the peak maximum was shifted to 3429 cm -1 . This shift in the -OH peak to a lower stretching frequency suggests the enhancement in acid strength for the sulfated samples. The increase in Brönsted acidity during sulfation may be ascribed to the generation of S-OH groups [37] or to the acidity enhancement of the surface -OH groups [38] .
Acidity determination -Pyridine adsorbed Infra red spectroscopy analysis
FTIR-pyridine adsorption was used to determine the acid sites on the catalysts surface [39] . From Figure 5 , the bands observed for SZr and SZrCe at 1490 and 1450 cm −1 were attributed to the characteristics of adsorbed pyridine bound to Lewis acid sites [40] . Pyridine adsorption band around 1540 cm −1 assigned to Brönsted acid sites is observed in SZr and SZrCe. Thus sulfation increases the acidity of the sample.
Nitration of Toluene
Mixed metal oxides treated with sulphuric acid were found to be efficient for the nitration reaction [41] . The increase in the activity was attributed to the increase in the Brönsted acidity created by the high temperature treatment with sulphuric acid. The life of the catalyst depends on the support's capability of holding sulphuric acid to prevent its diffusion. Industrial aromatic nitrations are achieved by employing a mixture of nitric and sulphuric acids. The mixed acid process poses a major problem of spent acid disposal. All these considerations urge the development of solid acid catalysts for the process. Solid acids effectively play the role of sulphuric acid in the reaction, assisting the formation of nitronium species. Vassena et al. demonstrated the nitration of toluene to nitrotoluene and dinitrotoluene in liquid phase at ambient temperature using silica supported sulphuric acid and 65 % nitric acid [42] .
Kemdeo et al. reportd mixed oxide supported MoO3 Catalyst for the nitration of o-xylene and explained that para selectivity increases with the increase in calcination temperature of the catalyst [43] . Mixed metal oxides treated with sulphuric acid were found to be efficient for the nitration reaction [41] . The increase in the activity was attributed to the increase in the Brönsted acidity created by the high temperature treatment with sulphuric acid. Nitration of toluene was carried out under different experimental conditions with the prepared catalysts and is given below. 
Process Optimization
Effect of concentration of nitric acid
The catalytic activity of SZr was tested by varying the percentage of nitric acid as 60 and 80. An increase in the percentage of nitric acid (80 %) used as nitrating agent resulted in an enhancement in the catalytic activity as expected. The toluene conversion and product selectivities are given in Fig. 6. 
Effect of reaction time
The reaction was done at 363 K with 80 % nitric acid concentration and extracted the products at different time. The results are furnished in Fig.7 . As the time increases from 2 to 6 h there is an increase in the conversion. The selectivity to onitrotoluene remains as such in the initial period, but decreases slightly after 4 h.
Comparison of toluene nitration over different catalysts
The results of toluene nitration over different catalytic systems at 363 K are tabulated in Table  4 . At the same reaction conditions, a maximum conversion of less than 3 % was achieved in the blank reaction and the mononitration products were almost not detected (1%). On the contrary, a significantly higher selectivity to mononitration products was obtained over various different catalysts, indicating the substantial effect of catalysts on the toluene nitration reaction. Besides, in comparison with blank experiment and pure zirconia, the toluene conversion increased remarkably over SZrCe and SZr catalysts. Pure zirconia gives very low conversion. In all cases, nitrotoluenes were formed exclusively with no trace of dinitration. The selectivity being around 61-66 % ortho and 28-35 % para and 1-3 % meta isomers. Nitration of toluene was found to proceed with predominant formation of ortho isomer. Purely statistical analysis without consideration of the electron donating inductive effect of the methyl group would predict 67% ortho and 33% para products. In our case also preference to the ortho isomer was observed in spite of the steric factor. 
Influence of reaction temperature
The influence of reaction temperature on the catalytic activity and product selectivity was examined taking SZr as representative system. The results are furnished in Table 3 . At low temperature the conversion was negligible. Even after 6 hours only 5% of conversion was observed at the reaction temperature of 333 K. An increase in the temperature resulted in a gradual rise in the percentage conversion. At 363 K conversion was found to be 58.2%. Table 3 . Effect of reaction temperature on conversion and product selectivity The metal doping and sulfation has considerably increased the conversion of toluene. The product selectivity remained almost constant immaterial of the nature of the catalyst used.
Catalyst reusability
The reusability of the catalyst systems was also subjected to investigation. The catalyst, SZr was removed by filtration from the reaction mixture, washed thoroughly with acetone, dried and activated at 823 K. It was used in the nitration reaction with a fresh mixture and only a slight decrease in the conversion was observed for three cycles. This suggests the resistance to rapid deactivation. But from the fourth cycle onwards the decrease in conversion was much higher. The catalyst crystals adsorb water (obtained during the reaction) and this causes dilution of the nitric acid used in the next nitration. The dilution can result in decreasing the conversion. To prove the heterogeneous character of the reactions; the catalyst was removed by filtration after a particular time (4 h) from the reaction mixture. The filtrate was subjected to qualitative analysis for testing the presence of Ce ion. From the results, it is clear that cerium ions are not leaching from the metal oxide surface during the reaction.
Mechanism of toluene nitration
The nitration reaction is an electrophilic substitution reaction where Brønsted acidic sites are responsible for the generation of nitronium ion (NO2 + ) from nitric acid. It is assumed that the reaction may take place between nitric acid and the Brønsted acid sites of the catalyst, forming nitronium ion. Then electrophilic attack of nitronium ion on the aromatic ring (toluene) takes place, resulting in the formation of nitro toluene. Brei et al. also explained that strong Brønsted sites are necessary for an effective formation of intermediate NO2 + ions from nitric acid [10] . The reaction may be considered to proceed via. a carbocation mechanism, in which the nitronium , 7 (3), 2013, 212 Copyright © 2013, BCREC, ISSN 1978-2993 ion is generated by the interaction of nitric acid with the Brønsted acid sites. The ortho and para attack of the nitronium ion is favored due to the stabilization of the specific ortho and para resonance structures via. an electron-donating inductive effect of the methyl groups. A plausible mechanism for nitration of toluene is given in scheme 1. Nitric acid was used as a nitrating agent without the use of sulfuric acid, which makes this process environmentally benign. 
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Conclusions
Liquid phase nitration of toluene was investigated on modified zirconia catalysts. The results indicated that Brønsted acid sites increases with sulfate modification, leading to enhanced catalytic activity. SZrCe shows the maximum conversion at 363 K. The crystallite size of the modified ceria was calculated from the Scherrer's equation to be 4-8 nm. No characteristic peaks of ceria are observed in the modified ceria, confirming that CeO2 is well dispersed on zirconia surface. FTIR results confirm the sulfate modification by asymmetric and symmetric stretching of S=O in sulfated samples. The surface area of zirconia has been increased after sulfate modification. The onset of sulfate decomposition is Note: Toluene: HNO3-1:1, conc. of HNO3-80 %, temperature -363 K, catalyst amount-0.1 g observed around 923 K for SZr and SZrCe while Zr and ZrCe are stable up to 1173 K. The metal doping and sulfation has considerably increased the conversion of toluene. The nitration proceeds via nitronium ion mechanism and the increase of nitration activity can be attributed to the increase of Brönsted acidity by the sulfation of metal oxides.
